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ABSTRACT   
This study introduces a scheme to estimate rotor position by the use of an Equal electromotive force (EMF) model of a 
synchronous machine. This use could be substituted by a sliding-mode observer (SMO) according to an equal EMF for 
superior reference speed tracking. There is an algorithm of the second order sliding-mode-control (SO-SMC) in 
controlling speed of permanent magnet synchronous motor (PMSM). This is by the use of the proportional plus-integral 
PI control sliding plane. The current work discusses the PMSM, which follows field-oriented appears. In addition, there 
are SO-SMC laws and PI sliding plans. This paper shows that the proposed high-speed PMSM sensorless speed control 
is valid by MATLAB simulations.                                                                                                                                             
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1. Introduction 
Recently, PMSM drives have a very significant role in different speed uses such as in computer numerical 
control (CNC). It is also utilized in elevators and robots[1-4]. Field-oriented control (FOC) (sometimes called 
vector control) could help getting a rapid “four-quadrant operation” with a smooth starting and speed when 
designing PMSM servo drives. However, there are many electromechanical parameters, which are not yet 
exactly described.  Also, it is changeable and could be disturbed in terms of external load while operating. This 
makes the drive performance degradates[5, 6]. For this drawback reduction, there are many suggested modern 
and intelligent control techniques for dealing with the uncertainties[7-11]. The control in the side mode is 
applied extensively and successfully to electrical drivers including PMSM servo drives because of the high 
degree of precision, simplicity and robustness. However, since the traditional FO-SMC chattering phenomenon 
was born from the interaction between parasite and high frequency switchover control, which is the most 
damaging implementation disadvantage of the SMC, it was little used in a high performance condition[12, 13]. 
A number of control schemes were proposed [14-16] to address this problem. This paper examines the 
characteristics of the SO-SMC Technique based on the PI sliding plane in order to combat the two phenomena 
and to preserve the main advantages of the SMC (precision, robustness). The contribution of this paper to the 
speed control of PMS M is successfully used by the SO-SMC. This paper is organized accordingly. First of all 
there is a FOC PMSM servo drive, and the mathematical model of the airplane is developed in a nominal 
condition. The theoretical analysis is then presented in detail for the sliding mode speed controller. Then a 
PMSM servo drive aircraft simulates the proposed slid-mode mode speed controller. In conclusion, the 
conclusions were drawn. The proposed sliding mode controller offers high-performance dynamic properties of 
trajectory precisely and robust in terms of variations of plant parameters and externals in load disturbances, 
depending on the simulation results from the testing of the PMSM servo drive speed controls. 
 
2. PMSM servo system dynamic based field-oriented 
PMSM, regarding its mathematics, in the reference frame of the rotor rotating can be [17]. 
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    𝑣𝑞 = 𝑅𝑠𝑖𝑞 + ?̇?𝑞 + 𝜔𝑒𝜆𝑑                     (1) 
     𝑣𝑑 = 𝑅𝑠𝑖𝑑 + ?̇?𝑑 − 𝜔𝑒𝜆𝑞                    (2) 
      𝜆𝑞 = 𝐿𝑞𝑖𝑞                (3) 
      𝜆𝑑𝑖𝑑 + 𝐿𝑚𝑑𝐼𝑑𝑓                           (4)   
      𝜔𝑒 = 𝑛𝑝 . 𝜔𝑟                              (5) 
Where 
 𝑣𝑑, 𝑣𝑞     voltage of d.q-axis stator  
qd ii ,    currents of d, q axis stator  
qd  ,  flux linkages of d, q axis stator. 
qd LL ,  nnnd, q axis stator inductances. 
𝜔𝑒  inverter frequency. 
𝜔𝑟  rotor speed 
mdL   d- inductance of axis mutual  
dfI   magnetizing current of equivalent d-axis  
pn   pole pair number. 
sR   resistance of the stator  






(𝜆𝑑𝑖𝑞 − 𝜆𝑞𝑖𝑑)                                            (6) 
𝑇𝑒 =  𝐽?̇?𝑟 + 𝐵𝑚𝜔𝑟 + 𝑇𝐿      (7) 
Here, 𝑇𝐿 stands for  the load torque while𝑇𝑒  is the generated electromagnetic torque. In addition, there are 
𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝐵𝑚 and J rotational inertia which is known as the moment of inertia. Fig.1 explains 
the field-oriented mechanism use for making “the speed loop control of the PMSM” servo drive system simple 
to regulate the block of the system where id stands for the forced to zero, (6): 
 𝑇𝑒 = 𝐾𝑝𝑖
∗
𝑞            (8)  
Here, 𝑖𝑞
∗  is the SO-SMC control output ( iq). The field-oriented control PMSM servo drive configuration as Fig. 
1 explains. It has a number of elements. The first is PM synchronous servo motor set. The second is Space 
Vector PWM voltage source inverter (VSI). The third could be the current controller. In addition, a triple 














































Figure 1. Control block with equivalent EMF 
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3. SO-SMC 
The primary function of SO-SMC is the reduction the sliding plane with its first-order derivative to zero 
corresponding to the acting of the control which is the initial sliding plane derivative. Therefore, the literature 
includes various SO-SMC algorithms including the “twisting” and “super-twisting”[18-20], “two stage SMO” 
and “global” [21], discrete time observer algorithms [22-25]. Yet, these algorithms are only used theoretically. 
There is a lack of its use in PMSM control. Thus, this works uses SO-SMC within the field of the regulation of 
the speed of PMSM. For example, uncertainty plane of a single input, which is "one-order linear", is as follows: 
?̇?(𝑡) =  𝐴𝑥(𝑡) +  𝐵𝑢(𝑡) + 𝛺                     (9) 
Here, 𝑥(𝑡) and 𝑥(𝑡) ∈ 𝑅+, 𝑢(𝑡)   are the output and the control actual, respectively. Also, 𝑢(𝑡) ∈ 𝑅+A,B could 
be the normal plane parameters. In addition,  𝐴, 𝐵 ∈ 𝑅+,Ω represents lumped uncertainty such as the unknown 
modeled external disturbance uncertainties and uncertainties. They are bounded to satisfy “|𝛺| ≤
𝛺𝑚𝑎𝑥, 𝛺𝑚𝑎𝑥 ∈ 𝑅
+ , 𝑅+"represents several positive real limits. In this model, the regulation problem means 
obtaining a proper control input 𝑢(𝑡) with the outcome tracks of a positive command asymptotically. The 
tracking error𝑒(𝑡), 𝑒(𝑡) ∈ 𝑅,  regarding the command output signal 𝑥∗(𝑡),𝑥∗(𝑡) ∈ 𝑅 , with calculated real 
outcome signal are 𝑥(𝑡), 𝑥∗(𝑡) ∈ 𝑅  
)()()( * txtxte −=       (10) 
3.1. Switching plane design 
One of the crucial step of SMC design is constructing “sliding surface” s(t), 𝑠(𝑡) ∈ 𝑅. A “2nd order sliding 
mode”  when (𝑡)  = ?̇?(𝑡)  =  0 is a sliding mode “. The second sliding mode aims at steering the state (error) 
for moving on the surface of the switching s(t) = 0. It also helps keeping its first successive derivative 
?̇?(𝑡)  =  0. In this case, the issue is the generation of a SO-SMC within selected surface s(t)  where the 
chosen PI sliding plane  that has coefficients that are constant  are: 
𝐬(t) = e(t) + ki ∫ e(τ)dτ
t
0
                   (11)        
Here, 𝑘𝑖, 𝑘𝑖 ∈ 𝑅
+  could stand for  the integral independent positive parameter  of output. The trapping of the 
system  occurred  near the surface where sliding occurs, in particular 𝑠(𝑡)  =  ?̇?(𝑡)  = 0 , (11) as: 
𝑒(𝑡) + 𝑘𝑖 ∫ 𝑒(𝜏)𝑑𝜏
𝑡
0
= 0                                     (12)      
The ordinary differential equations could provide the equation roots (12): 
𝑒(𝑡) = ex p(−𝑘𝑖) + 𝛿          (13) 
Where δ ,𝛿 ∈ 𝑅+  could be the positive constant. The above equation includes  the tracking error e(t) 
convergence to zero  drastically  when there is proper choice of the constant coefficient 𝑘𝑖. Thus, equation (12) 
is limited to polynomial Hurwitz with roots strict in the complex plane open left side. Thus, 𝑒(𝑡)  = 0 and this 
indicates the close-loop system becomes universally asymptotically constant[26, 27]. 
 
3.2. Switch control design 
To find the feedback control, followings are taken:  
𝑢 = Ψ(𝑠, ?̇?)                     (14) 
The convergences of the trajectories could happen in the origin finite time to 𝑠(𝑡)  =  ?̇?(𝑡)  = 0 in the phase 
plane of 𝑠, ?̇?. Thus, the occurrence of the primary error anywhere other than the sliding surface s(t), or the 
derivation of the representative of the s(t) caused by the variable differences and disturbances forces the 
switching control law to take the error to the s(t) till it is in 𝑠(𝑡)  in the reaching phase. For avoiding the 
chattering phenomena, the use of a PI-based sliding function could smooth the switching course. The PI-based 
sliding surface control law could be as follows: 
𝜇(s, ṡ) = γ1sign(s) + γ2sign(ṡ)                            (15) 
Here, 𝛾𝑖 stands for a positive constant, 𝛾𝑖 ∈ 𝑅
+, and sign(.) is a sign function: 
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𝑠𝑖𝑔𝑛(𝑠) =  {1, 𝑠 > 0 0, 𝑠 = 0 − 1 𝑠 < 0 }                                      (16) 
The control law convergence condition (13) is [19]: 
ckck mm +−−+ )()( 1221   
ckm − )( 12                                                                       (17) 
Here, A ≤ C, 0 ≤ Km ≤ B ≤KM, C  R+, Km, KM   R+ 
 
4. Design of sliding mode observer 
The rotor angle observer accuracy is a main factor affecting the sensorless drive performance. This effect is 
caused by the robustness to the parameters of the differences and disturbance declining capabilities and the 
stationary adaptive observers (α β) [28-30]or rotating (dq) [31, 32] frame. Yet, a single reference frame shows 
these observers (speed adaptive) producing a rotor-speed-dependent parameter. When there is a digital 
recognition, the adaption of the speed could often be conducted in the estimation process step. Then, the 
cumulative errors, delays and noises affects the speed estimate. The inaccurate speed feedback to the observer 
could worsen the speed evaluation and flux slowly. This could shake the drive, in particular, at low speeds. In 
Fig.2, the new SMO block diagram use is shown. Also, a constant reference frame includes the observed motor 
from the SMO with an alpha and a beta whose observed-actual motor current differences undergo a sign 
function. An LPF application on the sign function output could help in obtaining the equivalent values of EMF 
𝑒𝛼  and 𝑒𝛽 within the stationary reference frame. Finally, the place of the rotor is tested by the determining the 
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Where 
KSM   constant observer. 
^
i  is observer α-axis current 
^
i  stands for observer β-axis current 
 
The variables of the position-dependent are: 







′                 (19) 








                  (20) 
Using the relationship 
𝑖𝛼 = 𝑖𝑑 cos 𝜃 − 𝑖𝑞 sin 𝜃                             (21) 
𝑖𝛽 = 𝑖𝑑 sin 𝜃 + 𝑖𝑞 cos 𝜃                              (22) 












= −(2𝐿1𝑖𝑑𝜔 + 𝜔𝜆𝑝𝑚) cos 𝜃                   (24) 
 PEN Vol. 9, No. 3, July 2021, pp.335-344 
339 






















































                         (25) 



































































           (26) 
           Then, the errors of the observation can be obtained: 
 iii −=
^
                   (27) 
 iii −=
^
                   (28) 
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In (34), when there is a large enough KSM, the following is used: 
  eeKSM  ,max                             (31) 
Thus, the ?̇? < 0 is often taken for guaranteed till 0=i  and 0=i . The equivalent EMF vector often aligns 
with that of the actual EMF. The two EMF vectors differ   because of the machine saliency. Also, this saliency, 
which is bound, makes the actual EMF and the term and the equivalent EMF components bound. The trajectory 
of the system remains in sliding surface and moving to the source. The expected current convergence with the 
“actual current” in the s(t) of the sliding manifold state trajectory makes an interval of the finite time. The 
amount of the observed current of the measured value is forced by the convergence of the sliding-mode, which 
put, by the constant reference frame, the desired error values in the middle of the observed current value and 
that of the actual. In addition, ia and ib is set to zero with an equivalent regulation approach [33-36],[33, 34], 

































                      (33) 
The use of the low-pass filters (LPFs)  for the extraction of 𝑒𝛼 and 𝑒𝛽 helps position estimations. Finally, to get 
the rotor position, the following is used: 




































































tantan                     (34) 
 
Figure 2. A SMO based equivalent EMF Utilization 
5.  Simulation results 
Fig.1 explains of the suggested control and observer schemes in the control diagram use. The inputs are the 
current of the stationary reference frame. The inputs also include signals of voltage to the estimator of position. 
This is followed by the voltage reference of the current regulator outputs in the frame of the synchronous 
reference which  returns to that of stationary reference. The reference frame transformation used by the current 
regulators creates d- and q-axis signals of the current feedback (id and iq). 
If (5) is substituted into (7), one can obtain: 
kiBA qrrr ++= 
.
                      (35) 
    Were 
mr BJA









Here, the lumped uncertainty includes unknown modeled uncertainties with external disturbance uncertainties, 
bounded to satisfy  𝑘 ≤ 𝑘𝑚𝑎𝑥 , 𝑘𝑚𝑎𝑥 ∈  𝑅
+ , 𝑅+ refers to positive real constants. Thus, (14) forces:  
𝑖𝑞 = 𝑢 (𝑠, ?̇?)                   (36) 
The selection of the SO-SMC coefficients, 𝛾𝑖 , 𝑘𝑖 helps testing the close-loop condition PMSM servo drive. 
Also, as design guidelines, it is recommended to use the real positive sliding mode controller parameters. This 
is the reaching condition. Here, the SO-SMC parameters in (11) and (15) become 𝑘𝑖 = 0.05, 𝛾1 = 22, 𝛾2 =
22.935, for the SO-SMC for getting a higher accuracy. 
Figure 3 is the simulation results. The results were obtained by the estimated position in which there was an 
equal EMF to close the current loops. These loops are known as the torque mode with no load) with 𝑖𝑞
∗ = 8 A 
and 𝑖𝑑
∗ = 0  A. The zoomed-in parts show the location of 2.9 to 2.95 s in red trace. 
 
Figure 3. The use of the equivalent EMF with 𝑖𝑑 = 0A and 𝑖𝑞 = 8𝐴  to obtain the results of the experiment in 
torque mode 
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Figs 4–6 show several speed-tracking experiments. They illustrate the performance of the new model in the 
motor using the speed trajectories selected with different shapes. Fig 4 shows the reference trajectory 
performance which the trapezoidal (Fig 4 a) and sinusoidal velocity profile (Fig 4 a) provide. In the speed 
transient, the speed transient is made by the shifts in the references. As Figure 4(a) explains, there is a good 
tracking performance in terms of the first order SMC. The errors of tracking appear in Figs. 4(b) . 
 
Figure 4. (a)  Trapezoidal velocity profile, (b) Tracking error 
For the evaluation of the SO-SMC robust performance, its tracking performances occurred when there are no 
external disturbances but sinusoid external disturbances. They are both tested. The suggested SO-SMC speed 
of the responses and the related regulation attempts of a sinusoidal reference trajectory command shifts.  This 
shift has no external disturbances (Figure 4). Yet, there is a sinusoidal command change external disturbance 
(Figure 5).  Tin the outcome of the control error and that of the tracking trajectory, the SMC remains accurate 
and robust SMC positive in its features. 
 
Figure 5. Profile of the Sinusoidal velocity. (a), The black continuous line superimposing PI-based FOC and 
reference velocity nearly finished). (b) Tracking error 
 
Figure 6. The SO-SMC with the sinusoidal disturbance simulation responses: 
(a)  Reference and actual speeds. (b) Error of the Trajectory  
 
Table 1. Motor parameters 
Motor Parameter Value 
Phase resistance 4.5 ohm 
Phase inductance 3.5 mH 
Back Emf constant 3 mv/rpm 
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Motor Parameter Value 
Rated speed 2000 rpm 
Pole pair 2 





The study proposed SO-SMC scheme according to the PI sliding plane. The standards were presented in the 
used FOC PMSM servo drive plane. Then the new SOSMC system discussed and examined in details. For the 
demonstrations of the effectiveness of the new scheme, the study conducted simulations. In addition, this work 
designed a novel SMO according to the equivalent EMF model. The novel model is different from other very 
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